Monoglycerides and unsaturated fatty acids, naturally present in trace amounts in the stratum corneum (top layer of skin) lipid matrix, are commonly used in pharmaceutical, cosmetic and health care formulations. However, a detailed molecular understanding of how the oil additives get incorporated into the skin lipids from topical application and, once incorporated, how they affect the properties and integrity of the lipid matrix remains unexplored. Using ceramide 2 bilayers as skin lipid surrogates, we use a series of molecular dynamics simulations with six different natural oil ingredients at multiple concentrations to investigate the effect of the oils on the properties and stability of the bilayers. The six oils: monoolein, monostearin, monoelaidin, oleic acid, stearic acid and linoleic acid -all having the same length of the alkyl chain, C18, but a varying degree of saturation, allow us to systematically address the effect of unsaturation in the additives. Our results show that at low oil concentration (B5%) the mixed bilayers containing any of the oils and ceramide 2 (CER2) become more rigid than pure CER2 bilayers due to more efficient lipid packing. Better packing also results in the formation of larger numbers of hydrogen bonds between the lipids, which occurs at the expense of the hydrogen bonds between lipids and water. The mixed bilayers with saturated or trans-unsaturated oils remain stable over the whole range of oil concentration. In contrast, the presence of the oils with at least one cis-double bond leads to bilayer instability and complete loss of bilayer structure at the oil content of about 50-65%. Two cis-double bonds in the lipid tail induce bilayer disruption at even lower concentration (B30%). The mixed bilayers remain in the gel phase (without melting to a fluid phase) until the phase transition to a nonbilayer phase occurs. We also demonstrate that the stability of the bilayer strongly correlates with the order parameter of the lipid tails.
Introduction
The stratum corneum (SC), the outermost layer of skin, plays an important role in protecting our body from the penetration of external pathogens and toxins, and also in preventing internal water loss. The SC is commonly represented by the ''brick and mortar'' model, [1] [2] [3] [4] where the ''bricks'' symbolize corneocytes and the ''mortar'' is the extracellular lipid matrix. Corneocytes are flat, horny and functionally dead cells filled with proteins (mainly keratins), water and specific low molecular weight hygroscopic compounds, collectively known as Natural Moisturising Factors (NMFs). [3] [4] [5] [6] [7] [8] Corneocytes are the major water-holding components of the SC. The main components of the SC lipid matrix are ceramides, cholesterol and free fatty acids 3, 7, 9, 10 organized in a highly ordered multilamellar structure, interconnected by a strong hydrogen bond network between the head groups. 11, 12 Contrary to the corneocytes, water content in the SC lipid phase is extremely low [12] [13] [14] and the lipid ''mortar'' serves as the main barrier for water loss through the SC. 4 Ceramides (CERs) form a major component of the skin lipids. There are several types of ceramides found in the SC, among them are ''protein-bound'' ceramides, covalently attached to the outer surface of the corneocyte envelope, and ''free'' ceramides, the abundant ingredients of the multi-layered intercellular lipid phase. 4, 9, 10 Together with ceramides, the intercellular lipid matrix consists of cholesterol (CHOL) and free fatty acids (FA) present in roughly equimolar ratios. 10 Free fatty acids are mostly long chain (more than 20 carbons) saturated fatty acids; the only unsaturated fatty acids detected in the SC are oleic and linoleic acids, present at low concentrations. 10 There are also small amounts of glycerides, glycosphingolipids, cholesterol sulphate, and cholesterol esters present in the SC. 10, [15] [16] [17] [18] We should note that phospholipids, the major components of biological membranes, are not present in the SC. The phospholipids from the keratinocytes of the viable layers are broken down by phospholipases into free fatty acids in the lower SC. 4, [19] [20] [21] Controlled modification of the skin barrier is desired for either enhancing the permeability for topical drug release [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] or restoring the damaged skin function. 10, 32, 33 Natural oil components such as monoglycerides (MG) and free fatty acids (FA) are natural constituents of the stratum corneum arising from the partial hydrolysis of sebum triglycerides produced by the sebaceous glands. 17, 18 Unsaturated oils such as monoolein, oleic and linoleic acids are widely used in pharmaceutical and cosmetic industries as drug penetration and solubility enhancers. [22] [23] [24] [26] [27] [28] [29] [30] [31] Stearic acid is used as the moisturizing ingredient in the novel body wash products 32, 33 w h e r ei ta c t sa sab u f f e ra g a i n s tl i p i d extraction by cleanser surfactants. In vitro experiments 27, 34 show that the effect of a fatty acid as a permeation enhancer depends on chain unsaturation: long saturated fatty acids do not enhance skin permeability, while unsaturated fatty acids markedly enhance skin permeation. However, atomistic understanding of how the oils get incorporated in the skin lipid layer from the topical application or how they affect the structure of the skin lipid matrix is missing. In this study we address these by a series of molecular dynamics simulations of ceramide bilayers as surrogates for the stratum corneum lipid layer along with carefully chosen natural oil components that mostly differ in numbers and positions of unsaturation of the tails.
In spite of the fact that the first studies of the skin structure and properties date back to about 1970 and the essential progress in the understanding of skin structure and function was made over the last 40 years, 3, 5 the investigations on the roles and effect of the different components of the skin lipid matrix at the molecular and atomistic levels started to develop only during the last decade. Höltje et al. 21 performed modelling and experimental studies of the mixed fatty acid bilayers in comparison with the mixed fatty acid-cholesterol bilayers in an equimolar ratio. The authors reported that the well-ordered and rigid structure of pure FA bilayers was strongly affected by the addition of CHOL. Shorter than FA, rigid, planar-shaped CHOL molecules act as lipid fluidisers -they reduce the tail order, bilayer thickness and rigidity as well as increase the area per lipid. The first simulations of the CER bilayer were done by Pandit and Scott, 35 who studied symmetric ceramides, CER NS 16:0. The CER bilayer was found to be stable in the liquidcrystalline phase at high temperature (368 K) and the smaller polar headgroups of CER molecules reduce the ordering behaviour of the water molecules.
The first simulations of a hydrated ceramide 2 bilayer with asymmetric lipid tails (the C16 sphingosine chain and the C24 fatty acid chain) at different temperatures were performed by Notman et al. 11 It was shown that the designed model of CER2 reproduces the phase behaviour and structural parameters of CER2 bilayers reasonably well. The obtained values of the area per lipid and the bilayer thickness are in good agreement with the experimental values; lipids within the bilayer are well ordered and tightly packed, connected by a strong hydrogen bond network between the headgroups. Pure CER2 bilayers are characterised by the hexagonal gel-phase and the high rigidity compared to phospholipid bilayers. All these findings explain the low water permeability of the stratum corneum lipid phase. This successful model for CER2 was further widely employed in the subsequent modelling studies. 12, 13, [36] [37] [38] [39] [40] and it is also used in this work.
Das et al. 37 first performed the detailed analysis of the hydrated bilayers composed of mixed skin lipids, CER2, CHOL and FA 24:0 at different compositions and temperatures and compared the properties of the mixed bilayers with the pure bilayer of CER2. The mixed bilayers were generated by transforming the required number of CER2 molecules to either CHOL or FA. The addition of FA into the CER2 bilayer leads to an increase in the bilayer thickness, a slight increase in the chain order and a small reduction of lipid density. Cholesterol, on the contrary, decreases the bilayer thickness and nematic order of the lipids and increases the density at the tail region. Close to the skin composition CER-FA-CHOL (2 : 2 : 1), the bilayer becomes softer, with comparatively lower elastic modulus.
Similar results were also obtained recently by Gupta and Rai 41 who studied mixed skin CER:CHOL:FA bilayers at different component molar ratios and a wide temperature range. The authors have reported that the CER bilayers are in a gel phase at normal skin temperature and exhibit a phase transition into a liquid crystalline phase at B365 K. Due to the length asymmetry, the CER tails are found to be in a fluid-like state near the bilayer midplane. The presence of FA increases the ordering of CER tails, while the addition of smaller and rigid CHOL decreases the bilayer thickness. The interesting finding is that the cholesterol increases the fluidity of the bilayer below the phase transition temperature of CER and retains the bilayer rigidity above the phase transition temperature.
Notman et al. 42 studied the effect of the common penetration enhancer, oleic acid (OA), on the phospholipid (DPPC) bilayer at the temperature of 323 K. The simulations show that OA is able to mix homogeneously with DPPC lipids without significant perturbation of the bilayer at all the concentrations considered (mole fractions 0.05-1.0). In general, OA at all concentrations had very little effect on the overall structure of the bilayer. No phase separation was observed at any of the OA concentrations. The authors suggested that the liquidcrystalline phase DPPC bilayer is sufficiently fluid to accommodate the ''kinked'' tails of the OA molecules. As the concentration of OA increases a slight decrease in the area compressibility modulus and a minor increase in the diffusion rate of the OA molecules were observed. However, the frequency of water permeation events was found to double, indicating some OA-induced permeability enhancement. Recently Hoopes et al. 43 studied the effect of OA on the mixed 1 : 1 : 1 CER2-CHOL-FA skin lipid bilayer at the OA concentrations up to 0.1 mol% and T = 300 and 340 K. Similar to the OA-DPPC study discussed above, 42 no significant changes in the properties of the skin lipid bilayer upon addition of OA were observed. Addition of a small amount of OA leads to slight enhancement in the diffusion of cholesterol, the fastest species in this gel-like mixture, which in turn increases the diffusion of ceramide and fatty acid. However, no impact on hydrogen bonding between the lipids upon addition of OA was detected.
In this work we are focused on the effect of unsaturation in MG and FA when used as additives in the CER2 bilayer.
We present a systematic study of a range of monoglycerides and fatty acids with the same chain length (C18) but with different degrees of saturation of the hydrocarbon tail. We have explored and compared the properties of the mixed bilayers over the whole range of accessible oil concentrations. In the next section we describe the system components and the model parameters used. After that we present and discuss our results, covering bilayer properties such as lipid packing, bilayer rigidity, hydrogen bonding and ordering of the lipid tails. This paper ends with the summary of our findings.
Most of the simulations reviewed so far, and the work presented here, use united atom (UA) representations of the alkyl carbons [11] [12] [13] 21, [36] [37] [38] [39] [40] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] for computational efficiency. Recently Guo et al. 39 compared the commonly used Berger lipid force field 44 with a modified version of the CHARMM force field developed for ceramides. In this work the lipid tails and OH group parameters were taken from the CHARMM36 topology files and the parameters for the amide group were obtained using ab initio calculations. The force field was applied to the two ceramides, CER NS and CER NP. The authors reported that while both approaches are in good agreement with experiment from a structural perspective under the physiological conditions, the modified CHARMM force field is better able to capture the thermotropic phase transitions observed in the experiment. However, it was noted that together with the accuracy the all atom CHARMM-based force field also brings additional computational cost, compared with the UA GROMOSbased force field, which may limit the simulation timescale and the size of the studied systems.
Tjörnhammar and Edholm 56 have developed a new parameterised UA force field based on the Berger 44 and Chiu 57 parameters to study both the fluid and gel phases of phospholipid bilayers. The force field is characterized by the slightly modified dihedral potential and LJ parameters for the fatty acid chains and new partial charges based on QM calculations. The authors aimed to construct a force field that will be applicable to both fluid and gel phases. The main findings were that the modified force field results in the correct area per lipid, tail tilt, NMR order and the structural factors for both fluid and gel phases. This novel promising UA force field shows potential to be utilized in the future skin lipid simulations.
Model systems and simulation aspects

Lipids
In this study we have simplified the complex multicomponent skin lipid system to a bilayer of pure ceramide 2 (CER2). Ceramides 2 are sphingolipids with a large tail length polydispersity; the most common fatty acid chain length (tail 2 in Fig. 1 ) in CER2 is C24. This system still captures the key physico-chemical properties of the skin lipid barrier such as the gel phase, the local hexagonal packing of the lipid chains, and the strong and extended hydrogen-bond network across the head groups. CER2 (also known as CER NS) is the predominant ceramide in skin and it was successfully used in the previous simulation studies of the skin lipids. [11] [12] [13] [36] [37] [38] 45, 47 A series of monoglycerides and fatty acids is considered as additives in this study. While the length of the alkyl chain of the oil molecules was held constant at C18 throughout, the degree and nature of saturation of the hydrocarbon tail were varied. Here we focused on the following oil ingredients: monoolein (2,3-dihydroxypropyl(Z)-octadec-9-enoate), monostearin (2,3dihydroxypropyl octadecanoate), monoelaidin, (2,3-dihydroxypropyl(E)-octadec-9-enoate), oleic acid, ((9Z)-octadec-9-enoic acid), stearic acid, (octadecanoic acid) and linoleic acid, ((9Z,12Z)-octadeca-9,12-dienoic acid). Monoolein (MO) and oleic acid (OA) differ by the head groups and both featured a cis-9 unsaturated double bond that makes the hydrocarbon tail ''kinked''. Monostearin (MS) and stearic acid (SA) both have a saturated hydrocarbon tail; monoelaidin (ME) is the trans isomer of monoolein; and linoleic acid (LA) is a polyunsaturated fatty acid (C18:2) and it contains two cis-double bonds at C9 and C12 atoms. The chemical structures of the molecules studied are shown in Fig. 1 .
Computational details
2.2.1. Force field. Molecular dynamic simulations of fully hydrated bilayers were carried out in the NPT ensemble using Gromacs 4.0.7 software package. 49, 58 The lipids were simulated using the united atom Berger force field for lipids, 44 which is based on GROMOS87 59 and OPLS 60 parameters and includes the Ryckaert-Bellemans dihedral potential 61 for the hydrocarbon chains. The parameters for CER2 lipids were identical to those previously used for simulations of ceramide bilayers. [11] [12] [13] [36] [37] [38] 43, 45 The parameters for saturated fatty acids and the saturated hydrocarbon tail of monoglycerides were adopted from the simulations of mixed skin lipids. 13, 37, 43 The CQCdoublebondparametersfor unsaturated acyl tails were taken from POPC simulations, [51] [52] [53] where the double bond was described via improper dihedral. For monoelaidin (ME), with the trans-double bond, the dihedral angle was changed from 0 to 1801 to keep the transdouble bond planar. Such parameters were previously used in simulations of oleic acid 43 and sphingomyelin. 48, 54 Partial charges for the glycerol head group of monoglycerides were taken from 1-lauroyl-glycerol (1mlg.itp file available in Gromacs package), and the values for bonds, angles and dihedrals were extracted from topologies of POPC [51] [52] [53] and CER2 11, 13, 37 lipids and the gromos force field ''ffgmx'', derived from GROMOS87. 59 The water was modelled using the SPC potential. The examples of the topology files for monoolein and stearic acid are provided in the ESI. †
The simulations were carried out at constant temperature (T = 350 K) and pressure (1 bar) with a time step of 2 fs. We have used the Nosé-Hoover thermostat 62,63 with a time constant of 0.1 ps and the anisotropic Parrinello-Rahman barostat 64, 65 with a time constant of 5 ps and a compressibility of 4.5 Â 10 À5 bar À1 . Water and lipids were coupled separately. The cut-off of 1.2 nm was used for both the van der Waals and electrostatic interactions. Electrostatics was treated using the Particle Mesh Ewald (PME) 66, 67 algorithm. Standard periodic boundaries were employed in all three directions and all the bonds were constrained using the P-LINCS 58 algorithm. Water molecules were kept rigid using the SETTLE 68 algorithm. The temperature (T = 350 K) in our simulations is significantly higher than the physiological temperature (300-305 K). Previous studies 37, 39 show that ceramide bilayers, represented by the UA force field used here, do not have any structural transition in the temperature range 300-360 K. All structural quantities vary smoothly with temperature in this range. Thus we expect that the only effect of the elevated simulation temperature is to accelerate all dynamics without changing the qualitative features.
Bilayer compositions.
The initial configurations for the simulations used a pre-equilibrated CER2 bilayer in water from our previous studies 12, 13, 37 with a further substitution of the desired amount of CER2 lipids by either monoglycerides or fatty acid molecules. The CER2 molecules for substitution were chosen at random ensuring that the same amount of lipids was exchanged in each bilayer leaflet. Higher oil concentration configurations were built by substituting progressively more CER2 molecules in the configurations with lower oil concentrations. The exact protocol of substitution was found to be unimportant for any of the results presented here. The lipidwater composition was kept constant throughout the simulations: 128 lipids and 5250 water molecules. The effect of the addition of oils into the CER2 bilayer was studied by varying the mole fraction of oil lipids in the bilayer, X OIL , with respect to the total number of lipids, X OIL = N OIL /(N CER2 + N OIL ), where N CER2 + N OIL = 128. The insertion of oils into the CER2 bilayer was done by replacing one CER2 lipid molecule with one oil molecule. As the total number of lipids was kept constant, with increasing number of oil molecules, the number of ceramides decreased. The different oil compositions in the bilayer have been chosen in such a way to explore the entire composition range. The considered bilayer compositions, N CER2 and N OIL ,and the corresponding oil mole fraction X OIL are given in Table 1 .
In some cases additional (intermediate) oil concentrations were also considered. For each oil concentration after the replacement of the required amount of CER2 by oil molecules, we energy minimized the configuration and carried out short NVT simulations, followed by NPT simulations. The NPT equilibration stage varied between 50 and 150 ns, with the further production MD-run of 50 ns, used for analysis. The data were also averaged over 3-5 independent simulations for each oil concentration.
Results, analysis and discussion
Spontaneous permeation
Prior to investigating the influence of the specific oils at a certain concentration on the properties of the CER2 bilayer we have examined the spontaneous penetration of the oil molecules into the bilayer. This was done for the example of monoolein (MO). Even though it is logical to expect that amphiphilic oil molecules would prefer the lipid phase to water, the dynamics of embedding MO from the water to lipid phase is far from obvious. The result of our reasonably long (1.2 ms) simulation is quite interesting and is presented in Fig. 2 . We have started by placing six MO molecules randomly in the water region of the well equilibrated CER2 bilayer. Prior to NPT simulation, the system was subjected to energy minimization and a short NVT equilibration.
After about 3 ns of simulation the molecules self-assemble into a relatively spherical cluster to minimize contacts of the hydrophobic tails with water. The cluster diffuses towards the lipid phase and then flattens at the lipid head group surface after 22 ns of simulation time. Then MO molecules start to move inside the bilayer tail first straight away one by one and the first three molecules integrate into the bilayer very quickly. The first one (blue) penetrates after 28 ns of simulation, the second one (green) after 39 ns, and the third one (brown) joined them after 41 ns of simulation time. We expected a similar penetration rate for the other three molecules, but during the next B385 ns the system ''was trapped'' under that condition (three molecules stay inside the bilayer and the other three remain on the head group surface). That can be explained by the fact that the leaflet in which the three MO get in has higher density than the opposing leaflet. Thus, further inclusion of another MO has lower probability. After 425 ns we observe that the fourth molecule (yellow one) moves inside the bilayer, now head group first, pushing another MO molecule (green one) further down to the bilayer. That (green) molecule then jumps to the bilayer midplane and shortly after that moves to another leaflet. The same procedure occurs again shortly, after 460 ns of simulation time: the orange molecule inserted into the bilayer head group first, pushing the blue one to the bottom leaflet. At skin pH, and reflected in our choice of partial charges, the small polar head group of MO does not pay much penalty for being present in the hydrocarbon region. The excess density in the leaflet is relieved by transporting MO in the inter-leaflet liquid region. The penetration by the head groups also involves formation of a hydrogen bond with the fellow MO lipid, which then is pushed to the bilayer midplane. After penetration of these two molecules, the system again stays under that condition (five molecules are inside the bilayer and the last one outside) for the following B250 ns. After about 770 ns of simulation the last grey molecule penetrates into the bilayer by the tail first, pushing the yellow one to the midplane. However, the yellow molecule does not go to the bottom leaflet, as expected and as the previous two molecules did, it forms an H-bond with the orange molecule and pushes it out of the bilayer, back to the water phase. When the molecule happens to be between the leaflets, it has the possibility to pass to any leaflet of the bilayer. A similar effect was observed in the study of CHOL flip-flop, 12 where the frequent exchange of CHOL molecules between the ordered tail phase and the tail-tail inter-leaflet region was observed. Interestingly, after visiting the midplane, the yellow molecule, which penetrates the bilayer by the head group, inserts back to the leaflet in a correct head group position. The last molecular exchange occurs after B875 ns of simulation and then the system again remains under this condition for another B300 ns. During our 1.2 ms long MD simulation we have observed that 5 out of 6 molecules integrated into the bilayer. Among them 2 molecules are in one leaflet and 3 in another one. All the inserted molecules are oriented correctly within the bilayer with their head groups in the head group region. We have observed the events of molecular penetration by either the tail first or by the head group first, the molecular flip-flop to another leaflet, the reversal of the orientation of the molecule within the bilayer by moving to the midplane area and inserting again to the ordered region, and the exchange between the already inserted molecule and that which was outside the bilayer in the water phase.
The penetration process appears to be spontaneous and irregular and we do not see that the insertion of some of the molecules into the bilayer facilitates faster penetration of the remaining ones. However, we have observed that after the first 3 molecules have penetrated, the insertion of the next ones involves interaction with these already inserted molecules by pushing them down to the bilayer. We have also registered that all the penetrated molecules are located near each other within each leaflet and during our 1.2 ms long simulation they do not distribute uniformly within the bilayer. X MO =0 . 5t h eb i l a y e rm e s o s t r u c t u r ei sn ol o n g e rs t a b l ea sb o t h leaflets lose their ordering, and within the timescale of the simulation the system tends to re-assemble in a phase with a different, more disordered structure. Therefore, we propose that close to the equimolar CER2-MO composition (1 : 1) a first order phase transition occurs from the stable bilayer to a structure with different symmetry.
Ceramide 2 -linoleic acid bilayers.
The phase behaviour of the CER2-LA bilayer is similar to that of the CER2-MO system, except that it breaks down at a lower oil concentration, namely at X LA = 0.31 the mixed bilayer is no longer stable (see Fig. 4 ). We consider the bilayer as disrupted when at least one leaflet disintegrates. The strong reduction in the stability of the CER2-LA bilayers is attributed to the structure of the LA molecule: linoleic acid has two cis-double bonds at C9 and C12 atoms and thus has a more pronounced bend in the tail structure.
3.2.3. Ceramide 2 -stearic acid bilayers. The snapshots of CER2-SA bilayers over the range of SA mole fractions of X SA = 0.1-1 are presented in Fig. 5 . The structure and phase behaviour of CER2-SA bilayers substantially differ from those of CER2-MO bilayers: the CER2-SA bilayers do not disintegrate and are stable over the whole range of concentrations, until X SA = 1, what correspond to the pure SA bilayer. Our results show that the alteration of the unsaturated lipid tail containing a cis-double bond by a saturated tail makes a substantial difference in the bilayer structure and its stability. Since the saturated fatty acids do not have kinks in their hydrocarbon tails, the SA molecules (a saturated fatty acid) remain well aligned with the tails of CER2 lipids. We should also mention that with increase of the SA concentration, the mixed bilayer becomes more strongly tilted with respect to the bilayer normal than the pure CER2 bilayer. 37 That observation is not surprising and is in accordance with the tilt of the aliphatic tails observed for monoglycerides and fatty acids in the gel phase. 55, 69 3.2.4. Overview. A similar structural behaviour of CER2-oil mixed bilayers as a function of oil concentration also persists for other types of oil molecules studied. The presence of lipids containing one or more cis-double bonds in the hydrocarbon tails leads to the instability and disorganisation of the mixed bilayer at a certain oil concentration. For monoolein the orderdisorder transition occurs at X MO = 0.48, for oleic acid -at X OA = 0.64 and for linoleic acid at X LA = 0.31. In the case of OA, which has a smaller head group and the same as the MO kinked tail, the structural transition takes place at higher OA content, compared to the CER2-MO bilayer. Due to smaller fatty acid head groups of OA as compared to MO, oleic acid results in tighter lipid packing and about 15% more OA chains are needed to destroy the bilayer integrity compared to MO with the same tail unsaturation. Our results are in agreement with those from Hoopes et al., 43 who studied the effect of OA on the mixed skin lipid bilayers. The authors did not observe any substantial changes in the properties of the mixed skin lipids upon addition of a small amount of OA. Moreover, Notman et al., 42 have also not observed any phase transitions in the DPPC-OA bilayers, which were explored over the entire range of OA concentrations. Therefore, we infer that OA integrates well into the various bilayer structures and some specific conditions and a reasonably high concentration of it is required for phase transition to occur. Linoleic acid, in contrast, promotes the bilayer disintegration due to two kinks in the tail. However, the presence of the lipids with the saturated tail or transunsaturated tail does not lead to the disruption of the bilayer integrity. The mixed bilayers containing any one of monoelaidin, monostearin or stearic acid are stable in the gel phase over the whole range of the oil concentrations. The tilted orientation of the lipid tails in the leaflets is observed also for mixed CER2-ME and CER2-MS bilayers and pure ME or MS bilayers. We also should mention that the oils with a ''straight'' tail align perfectly with CER2 molecules, while the oils with a kinked tail (especially linoleic acid) have a tendency to move to the head group region or towards the bilayer midplane (see Fig. 3 and 4 ). Such an effect was also observed by Hyvönen et al., 70 who studied PLPC lipids hydrolysed to free linoleic acid molecules.
Cis-unsaturated lipids such as monoolein, [28] [29] [30] [31] oleic acid 22-28,71 and linoleic acid 26, 72 are commonly used as skin penetration enhancers for topical (to the skin) and transdermal (across the skin) drug delivery. There are two proposed mechanisms of action of lipidic penetration enhancers: lipid fluidisation and lipid phase separation. The first one involves disruption of the highly ordered SC lipid matrix, thereby increasing the diffusion of drugs 22, 25, 73, 74 and the second one proposes that the enhancer forms a separate domain within the lipid phase which acts as permeable defects of the skin barrier. 22, 24, 73, 75 In our simulations we have not observed any lipid phase separation; in all the studies oils are found to be completely miscible with the ceramides. However, the limited system size in our simulations may artificially disfavour phase separation. Also, lipid domain formation is usually associated with the mismatch of the lipid tail length and in the considered model CER2 lipids with the C16 and C24 tails are found to be well miscible with C18 FA and MG. Our simulations confirm the suggestion of the lipid tail order disruption by the oils containing cis-double bonds (MO, OA and LA). However, in our simple ceramide model for SC lipids these oils behave not as a lipid phase fluidizer but rather as a ''bilayer destroyer'' at high concentration. Such an effect probably occurs due to strong rigidity and high tail order of a pure ceramide bilayer. It is worth investigating the subject further using a more realistic mixed lipid model membrane, which is shown to be softer and slightly less ordered than pure CER bilayers.
Area per lipid and area per chain
The analysis of the lipid packing can be expressed either in terms of the area per lipid, A LIP , defined as the bilayer area projected onto the xy-plane divided by the number of lipids in Fig. 4 Snapshots of CER2-LA bilayers at different LA mole fractions, X LA , indicated on the image. Ceramide 2 tails are shown as cyan lines and LA tails as grey balls and sticks. Red balls are ester oxygen (O) atoms from LA head groups and blue balls are nitrogen (N) atoms from the CER2 head groups. Water molecules are shown as light grey and red lines, above and below the bilayers. one leaflet, A LIP = XÁY/N LIP or in terms of the area per chain, or lipid tail, A CHAIN , calculated as the ratio of the same crosssectional area and the number of lipid tails, A CHAIN = XÁY/N CHAIN . It is reasonable to analyse both quantities because by construction of the mixed system the number of lipids in each leaflet remains constant, N LIP = 64, while the total number of acyl chains, N CHAIN , decreases as the oil mole fraction increases. The higher the oil concentration, the more double-tail CER2 molecules are substituted by single tail MG or FA molecules. For a pure CER2 bilayer N CHAIN = 128, but when all the CER2 are replaced by the oil molecules, the number of hydrocarbon tails in each leaflet becomes equal to the number of lipids, N CHAIN = N LIP = 64. The results for A LIP (X OIL )a n dA CHAIN (X OIL ) are given in Fig. 6 .
For all the mixed bilayers A LIP gradually decreases with increasing concentration of the oil molecules. This is an expected result because with the increase of oil concentration the total number of acyl chains decreases. The values of A LIP are about 0.4 nm 2 for the pure CER2 bilayer and decrease practically linearly down to about 0.2 nm 2 . Monotonous behaviour of the A LIP (X OIL ) is slightly disrupted at low MG or FA content (X OIL o 0.1), where the sharp decrease of the A LIP (X OIL )l i n ef o rX OIL r 0.05 is followed by the plateau for X OIL = 0.05-0.1. In contrast, the A CHAIN (X OIL )s e e m st o display a small minimum at low concentrations of MG or FA (X OIL = 0.05-0.1) and then it slightly increases with the increase of the oil concentration. We attribute the appearance of this minimum to a more efficient packing of the lipid c h a i n su p o nr e p l a c e m e n to ft h es m a l la m o u n to fd o u b l e -t a i l CER2 lipids with a single tail monoglyceride or fatty acid molecules. The errors for A LIP and A CHAIN were calculated as the standard deviation from the mean values obtained from at least three independent simulations and do not exceed 0.007 nm 2 or 3.5% for both quantities.
Area compressibility modulus
The area compressibility modulus k A is defined as the energy needed to stretch the bilayer per unit surface area; it is a measure of bilayer stiffness and it is easily calculated from the fluctuations of the bilayer projected area as:
(1)
where k B is the Boltzmann constant, T is the temperature, and hAi is the averaged over time area of the bilayer projected onto the xy-plane. The compressibility modulus of the gel phase ceramide 2 bilayer is reported to be relatively high, k A E 4000 dyne cm À1 , 11, 37 which is practically an order of magnitude higher than for phospholipid bilayers in a liquid crystalline phase where k A values are found to be around 100-500 dyne cm À1 . 76, 77 The k A values for mixed bilayers as a function of MG or FA concentration in the CER2 bilayer are presented in Fig. 7A and B, respectively. We found that for both types of added oils at low oil concentration the values for the area compressibility modulus increase by about 50%, up to B6000 dyne cm À1 , compared against the pure CER2 bilayer. The maximum in k A occurs at X OIL E 0.05 and then the k A values gradually decrease with increasing oil content. The increased membrane rigidity at low oil content correlates very well with the small decrease in the area per chain values (Fig. 6B) . A small amount of a singlechain MG or FA promotes tighter local packing of the lipid chains (area per chain becomes slightly smaller), and therefore makes the bilayer more difficult to stretch. It is interesting to note that this effect is observed not only for the saturated or trans-unsaturated oils, but also for those carrying one or two cis-double bonds. Another observation is that we do not see any clear dependence of the bilayer rigidity and lipid packing on the oil head group size. It sounds reasonable that the addition of fatty acids with a smaller head group would encourage tighter packing leading to a more rigid bilayer, but we observe this effect also for monoglycerides, whose head group is not much smaller than that of ceramides. Therefore, we suggest that the tighter lipid packing and the resulting increase in the bilayer rigidity could be explained by the absence of the second hydrocarbon tail in FA and MG and also by the increased amount of the hydrogen bonds between the lipids 30 (see the next section).
With increase of oil content, k A values gradually decrease and eventually the mixed bilayers become softer than the pure CER2 bilayer. For mixed CER2-MG bilayers k A values becomes smaller than those for the CER2 bilayer at B40% of MG concentration. For LA the transition occurs at B30%, for OA -at B50%, and the mixed CER2-SA bilayers remain highly rigid until the content of SA reaches 90%. The lowest values of the compressibility modulus for the mixed bilayers are found to be of the order of 2000 dyne cm À1 . This value is practically half than that for the pure CER2 bilayer, but it is still much higher than that for liquid crystalline phospholipid bilayers. The mixed bilayers remain in the gel phase (without melting to a fluid phase) over the whole range of concentrations or until the phase transition boundary. A similar effect was also observed upon addition of ethanol to the CER2 bilayer. 38 The bilayer retains the ordered gel phase even when the ethanol-induced water pores are formed.
Hydrogen bonds
CER2 bilayers are characterised by a strong network of hydrogen bonds between the lipid head groups which is holding the bilayer in an ordered gel phase and is responsible for the bilayer rigidity and its very low permeability. 11, 13, 37, 78 We have examined the hydrogen bond network of the mixed bilayers as a function of oil concentration. In Fig. 8 we present the number of hydrogen bonds per lipid for mixed CER2-MS and CER2-SA bilayers. We have chosen to present the results for those mixed bilayers, which are stable over the whole range of concentrations. For the bilayers containing other MG and FA the results are very similar till the point the bilayer structure becomes unstable. We have divided all the hydrogen bonds in the system into the following groups: (i) intra-lipid bonds (or self-bonds, formed within one lipid molecule), lipid-lipid bonds (include inter-molecular bonds, formed between the lipids of the same or different types), mixed-lipid bonds (formed between CER2 and oil molecules) and lipid-water bonds. The total number of hydrogen bonds is also calculated. The H-bonds were calculated 
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Phys. Chem. Chem. Phys., 2016, 18, 17446--17460 | 17455 using the Gromacs tool g_hbond with default parameters for the definition of hydrogen bonds. The average number of intra-molecular bonds is presented by grey diamond lines. It was reported that both ceramides and monoglycerides are capable of forming intra-molecular hydrogen bonds, 35, [78] [79] [80] [81] however we have found that the number of intra-molecular H-bonds in monoglycerides is very low and practically zero (on average 0.01 bonds per one MG). The average number of intra-molecular H-bonds formed within a CER2 lipid was found to be approximately 0.36 and this number is more or less constant throughout all the oil concentrations and also independent of the oil type. Fatty acids do not form intramolecular hydrogen bonds. Therefore, the number of intra-lipid H-bonds per one lipid has a maximum at the highest concentrations of CER2 and then decreasing with oil concentration (as the number of CER2 molecules, contributing mostly into this type of bonds, decreases).
The number of H-bonds formed between different types of lipids is given by green triangle lines. For all systems considered, the number of mixed-lipid bonds is equal to zero at the oil concentration of 0 or 1 as there is only one type of lipid present. The graphs have a broad maximum at the oil mole fractions of about 0.5-0.7 where the amount of both types of lipids is high.
The average number of lipid-lipid hydrogen bonds is given by red circle lines. The bonds formed between lipids have three contributions: inter-lipid bonds from each type of lipids and the mixed-lipid bonds. The number of H-bonds formed between the lipids slightly increases (from 1.9 to 2.0) at low oil concentration (B5%) and then gradually decreases. The small maximum is more pronounced in the CER2-MS system, but it is also present in other CER2-MG and CER2-FA systems. In the case of MS the number of lipid-lipid H-bonds starts to slightly increase again at an oil content of B0.8, reaching the value of 1.5 bonds per lipid. We believe that this occurs due to the increasing number of inter-lipid bonds between monoglycerides, even though the number of inter-lipid bonds involving ceramides strongly reduced. In the case of SA, the number of inter-lipid H-bonds continues to decrease down to 0.3 bonds per lipid.
The number of H-bonds formed between lipids and water molecules is presented by light blue squares. The number of bonds between lipids and water has a small minimum at low oil content and this minimum correlates well with the maximum in lipid-lipid bonds. With increasing oil concentration the number of bonds slowly decreases from 2.1 to 1.7 for CER2-MS bilayers and to 1.4 for CER2-SA bilayers.
The maximum in the lipid-lipid H-bonds and the minimum in lipid-water H-bonds at about 5% of oil concentration are more clearly pronounced in the enlarged graphs, which include the data for all studied mixed bilayers and are presented in Fig. 10C and D in the Summary section. Taking into account the tighter lipid packing and higher values of the area compressibility modulus at these concentrations, we propose that the more efficient lipid packing leads to a higher amount of H-bonds formed between the lipid head groups what contributes to the increased bilayer rigidity. 11, 46 In the pure ceramide bilayers the excluded volume of the alkyl tails prevents the formation of the 2D percolating H-bond network; instead, the CER head groups arrange in small clusters which are not connected by H-bonds. 46 Thus, the inclusion of a small amount of single-tail molecules with smaller head groups may help to fill the gaps between the CER head groups and, therefore, generate the increase in the number of H-bonds formed between lipids. The increase in the number of lipid-lipid H-bonds also results in the reduction of the H-bonds formed between the lipids and water.
The total number of H-bonds per lipid for both types of mixed bilayers is presented by black lines with open squares. Replacing CER2 lipids, which are highly susceptible to H-bonding interactions, by MG or FA, which are less capable to form H-bonds, leads to the reduction of the total number of H-bonds per lipid with increasing oil concentration.
Albeit the total number of H-bonds formed by the lipids decreases with the oil concentration (and this decrease is quite significant in the case of SA, from 4.4 to 1.7), the integrity of the bilayers remains intact for all the oils types considered, with a saturated or trans-unsaturated tail. The reduction of the number of H-bonds, however, occurs gradually, without any sharp transitions, opposite to what was observed in the case of disrupted CER2 bilayers by addition of DMSO molecules. 11 It could be expected that strong reduction in hydrogen bonding would promote faster disruption of the bilayer in the case of CER2-FA systems. However, taking into account that the CER2-MO bilayers break at lower oil concentration, compared to the CER2-OA bilayers, we conclude that the reduction in the number of H-bonds formed by lipids does not significantly affect the bilayer stability in our case.
Tail order
The chemical structure of the lipid tails is clearly reflected in the lipid tail order parameter. The lipid tail order parameter, S, describes the average orientation of the hydrocarbon tails with respect to the bilayer normal. The z-component of the order parameter tensor S for an atom C n is defined as
where y z is the angle between the z-axis of the simulation box (normal to the bilayer) and the molecular axis. The average here uses all molecules of the same type and different time frames from the simulation. For atom n, the molecular axis is defined as the vector from the atom C nÀ1 to the atom C n+1 .Asde fi n ed ,th e value of S z depends both on the tilt of the molecular axis about the z-axis and on the variation of the tilt angle either between different molecules or with time. Values of S z equal to 1 indicate full alignment of the hydrocarbon tails with the bilayer normal, and À1/2 full order perpendicular to the normal. 49, 82, 83 As m a l l S z value can indicate either an isotropic distribution of the tilt angle, or the tilt angle being close to the ''magic angle'' y z E cos À1 (1/O3). For the cases when the motion of the lipids around the bilayer normal is isotropic, S z is related to the deuterium order parameter S CD measured in NMR experiments of lipids as S z = À2S CD . 50, 83 The order parameter calculations were performed using the Gromacs tool g_order. In Fig. 9A we present the lipid tail order parameter S z as a function of C atom index n for the long (C24) tail of CER2 lipids at different concentrations of MO. The ordering of the short tail of CER2 (C16) shows a similar behaviour to the long one 11, 37, 38 and therefore the data for that are not presented here. The middle part of the CER2 tail shows strong nematic order with the chains aligning along the z-axis, S z (n) 4 0.8, for all the MO concentration where the mixed bilayer is stable. The high degree of alignment is lost for the terminal bonds (n 4 42), as the terminal atoms in the ceramide long tail are in a liquidlike disordered environment and are free to explore configurations not constrained by the local hexagonal packing. A similar loss of alignment can be observed near the head group (n = 27), because the lipid tail needs to respond to the local tilting of the headgroups, as they try to maximise the number of intra-bilayer hydrogen bonds. The high degree of alignment is retained till close to the phase transition concentration: for bilayers containing MO, the tail ordering S z (n) remains close to 0.8 at X MO = 0.47, close to the bilayer disintegration concentration.
However, for the 1 : 1 CER2-MO composition (where the bilayer structure is no longer stable), the S z (n) profile drastically drops down to S z (n) o 0.25. The probability distribution of the tilt angle y z (as shown in Fig. 9C ) changes from being peaked around 10-15 degrees for X MO = 0.3 to a broad distribution for X MO = 0.5, indicating an almost complete loss the of tail order. (The extended data for the tilt angle distributions are available in the ESI. †) Fig. 9B shows the order parameter S z (n) for monoglycerides and fatty acids at a fixed oil concentration of X OIL = 0.2. Similar to the case of mixed CER2-MO bilayers, the ordering of the lipid tails does not depend much on the oil concentration (except for the cases when the bilayer breaks) and therefore the results are presented for a single oil concentration only.
As can be seen from the plot, all the ingredients with the ''straight'' tails, i.e. with the saturated tails and the tail with only trans-double bond, show high values of the tail orders (S z (n) 4 0.8 at the middle of the chains) similar to the CER2 tails. The most ordered are the stearic acid (fully saturated) tails. The S z (n) parameter for SA is near or above 0.8 for all the C(n) atoms except for the one near the head group (n = 16) and the two at the end of the chain (n = 1 and 2). Such a strong order along the chain for SA molecules correlates well with the highest values of the compressibility modulus, k A , reflecting the high rigidity of the mixed CER2-SA bilayers at a high SA content. As for the ''straight-chain'' monoglycerides, ME (containing one trans-double bond) and MS (fully saturated), their tail order parameter decreases towards the end of the chain (n o 6), which agrees with the decrease of the bilayer rigidity at high MG concentrations. The decrease in S z here is associated with increasing disorder of the monoglyceride tails because the distribution of the tilt angles for these terminal atoms became broader (see the ESI †).
All the ingredients containing at least one cis-double bond have a pronounced minimum in S z (n) around the location of the bond. The tilt angle distributions (Fig. 9D ) show that this lowering of S z is associated with the molecular tilt being closer to the magic angle instead of increased disorder. For OA the S z (n) graph is symmetrical with a minimum in the middle where S z (n) drops below 0.5 reflecting the symmetrical position of the cis-double bond. The minimum in the S z (n) for OA has the smallest depth compared to the other two cis-bonded oils and also the values of the order parameter near the head group (n = 11-16) and the tail end (n = 1-6) are reasonably high, S z (n) 4 0.6 for the most of them. These observations are consistent with the fact that the CER2-OA bilayer remains stable at the highest level of added ingredients (until X OA = 0.62) among the other ones with the cis-bond. The MO tail has deeper minimum, which is slightly skewed to the end of the tail, probably because of the larger size of the glycerol head group and therefore more space available for the tail to deviate from the bilayer normal direction. The order of tail atoms near the head group is similar to that of OA but the order of the tail-end is noticeably decreased. These changes in the tail ordering leads to disruption of the mixed bilayer at lower oil content, at X MO =0. 5.Li no le icac id(L A)wi th two cis-double bonds at C9 and C12 atoms has the weakest tail ordering among all the considered molecules. The two kinks at the tail are well illustrated by the two deep minima at n =9and n =5,whereS z (n) E 0.2 for the first double bond and S z (n) o 0.1 for the second. It is interesting to note that the location of the minima for LA is not centered around the double bonds as it occurs in the case of OA; the first minimum is slightly shifted to the head of the molecule and the second one to the end of the tail. This could be explained by the fact that the LA chains adjust their conformation to accommodate into the CER2 bilayer and also tend to either go deeper into the bilayer towards the midplane or jump out of it with the large part of the molecule being near the head groups, as can be seen in Fig. 4 illustrating mixed CER2-LA bilayers. The strongly reduced ordering in the LA tail results in the poor stability of the mixed CER2-LA bilayer, which falls apart at X LA Z 0.31.
Summary
We have carried out atomistic molecular dynamic simulations of fully hydrated mixed bilayers containing the major component of the stratum corneum lipid matrix, ceramide 2, and singlechain natural oil ingredients (monoglycerides and fatty acids) at different concentrations. We studied the dynamics involved in the inclusion of the oil components from long simulations, and have addressed the structural effects induced in a CER2 bilayer by replacing some amount of CER2 lipids by either monoglycerides or fatty acid molecules. The concentration of natural oils in the CER2 bilayer was varied from zero (implying a pure CER2 bilayer) to either one (implying a pure oil bilayer) or up to the concentration at which the mixed bilayer remains stable. We have considered six oil ingredients, all with the C18 tail length: monoolein, monostearin, monoelaidin, oleic acid, stearic acid and linoleic acid. The range of oils studied includes two types of the head groups, glycerol and carboxyl ones, and saturated and monoand polyunsaturated alkyl tails. Our main findings are summarized as follows.
When the lipids are placed randomly in the water phase, they insert spontaneously into the CER2 bilayer. The molecules penetrate into the bilayer interior one by one in an irregular manner. The molecular penetration events into the bilayer occur either by the tail first or head first. We also observed incidents of molecular flip-flop across the leaflets, the reversal of the molecular orientation within the bilayer and the exchange of the molecules between the bilayer and water regions.
The analysis of the area per lipid and area per lipid chain, bilayer rigidity and hydrogen bonding between the different components of the system reveals that at low oil concentrations (B5%) the substitution of the double-tail CER2 lipids by a single-tail monoglycerides or fatty acids promotes better lipid packing. Better lipid packing leads to the formation of a higher amount of hydrogen bonds between lipids, which also coincides with the reduction of the hydrogen bonds formed between lipids and water. This leads to an increase in the rigidity of the mixed bilayers compared to the pure CER2 bilayer. Probably, the increased membrane rigidity at those oil concentrations arises from extra hydrogen bonds between lipids. 46 These conclusions are illustrated in Fig. 10 .
All the oil ingredients with the ''straight'' hydrocarbon tail, saturated one (stearic acid, monostearin) or containing only a trans-double bond (monoelaidin), accommodate well into the CER2 bilayer, so that the mixed CER2-oil bilayer is stable over the whole range of oil concentrations. Alternatively, the unsaturated oils containing a cis-double bond which causes a ''kink'' in the acyl chain, such as monoolein and oleic acid, induce bilayer instability followed by a further disintegration with increasing oil concentration. When the composition of lipids in the bilayer approaches some critical value (50-65%), the bilayer loses its integrity and undergoes a phase transition to a phase with different mesostructure. Apparently, polyunsaturated linoleic acid, containing two cis-double bonds on its acyl chain, induces bilayer disruption at even lower content (about 30%). However, the bilayers remain in the gel phase until the phase transition to the non-lamellar phase occurs.
